Background {#Sec1}
==========

Neurodegenerative disorders caused by neurodegeneration encompass a broad range of diseases of the central nervous system (CNS) and peripheral nervous system (PNS) and affect tens of millions of people worldwide \[[@CR1]\]. Neurodegeneration is a progressive and irreversible loss of neuronal structure and function; it can be acute (e.g., stroke and spinal cord injury (SCI)) or chronic (e.g., Alzheimer's disease and Parkinson's disease).

Currently, considerable neurological research is focused on methods for regenerating and replacing the degenerated nerve cells; thus, stem cell therapy may be the most suitable clinical intervention for neurodegenerative disorders. The nervous system has limited intrinsic repair ability, because the endogenous population of neural stem (or progenitor) cells is so small that it can barely contribute to the structural repair of the brain or spinal cord \[[@CR2]--[@CR5]\]. Thus, therapies using exogenous stem cell sources may aid in alleviating various neurological diseases \[[@CR6]\]. However, the most suitable cell type and the accurate timing and route of delivery need to be defined; most importantly, how a functional improvement from the behavioral perspective can be achieved remains unanswered \[[@CR7], [@CR8]\].

For cell therapy, various types of stem cells (e.g., embryonic, fetal, adult, and induced pluripotent cells) can be obtained from various sources (e.g., the heart, skin, liver, and hair). Regardless of their type and source, all stem cells possess indefinite self-renewal capacity and can differentiate into a specialized cell type \[[@CR9]\]. In 2002, dental-derived stem cells (DSCs) were first isolated from the pulp of permanent teeth by Gronthos et al. \[[@CR10]\] and were named dental pulp stem cells (DPSCs), indicating that dental tissue can be a potential source of stem cells. Later, stem cells from human exfoliated deciduous teeth (SHEDs) \[[@CR11]\], stem cells from the apical papilla \[[@CR12]\], tooth germ progenitor cells \[[@CR13]\], gingival mesenchymal stem cells (MSCs) \[[@CR14]\], dental follicle stem cells \[[@CR15]\], alveolar bone-derived MSCs (ABMSCs) \[[@CR16]\], and periodontal ligament stem cells (PDLSCs) \[[@CR17]\] were isolated and characterized (Fig. [1](#Fig1){ref-type="fig"}). Because of their transdifferentiation ability, DSCs have been extensively investigated and have shown high potential for application in CNS therapy \[[@CR18]--[@CR22]\]. Cell-based and preclinical studies have demonstrated that DSCs display neuroplasticity; they can differentiate in response to environmental cues into various cell lineages, such as adipogenic \[[@CR23]\], chondrogenic \[[@CR10]\], osteogenic \[[@CR24]\], myogenic \[[@CR25]\], and neurogenic lineages \[[@CR26]\] (Fig. [1](#Fig1){ref-type="fig"}). DSCs have shown a migratory capacity toward the sites of neural damage where they differentiate into neurons \[[@CR27]\], glia \[[@CR28]\], and oligodendrocytes \[[@CR20]\] as per the environmental cues, and they stimulate endogenous neurogenesis \[[@CR29]\] and restore synaptic transmission \[[@CR30]\]. Transplanted DSCs exhibit the restoration of functional outcome in rodents \[[@CR20], [@CR21]\]. Together the cellular and molecular data indicate that DSCs have the capacity to restore neuroplasticity after differentiation (Fig. [2](#Fig2){ref-type="fig"}). With regard to DSC application in dental therapy, at least one clinical trial has been completed and a few are ongoing (Table [1](#Tab1){ref-type="table"}); however, no clinical trial on the neurological application of DSCs has been initiated thus far.Fig. 1The transformation of dental tissue into different dental-derived stem cell populations. Subpopulations can be categorized according to their tissue of origin: dental pulp stem cells (DPSCs), stem cells from human exfoliated deciduous teeth (SHEDs), stem cells from the apical papilla (SCAPs), tooth germ progenitor cells, gingival mesenchymal stem cells, dental follicle stem cells (DFSCs), alveolar bone-derived mesenchymal stem cells (ABMSCs), gingival fibroblastic stem cells (GFSCs), and periodontal ligament stem cells (PDLSCs). The differentiation potential of dental pulp stem cells into various cell types illustrating the plasticity of bone marrow-derived cells is illustrated aboveFig. 2The transdifferentiation-mediated neuroplasticity mechanism of dental derived stem cells in neurological diseases. hDSC human dental-derived stem cellTable 1Summary of the clinical effect of dental-derived stem cells (DSCs)Clinical trial numberStudy typePhase*n*Disease typeLength of trial (months)DSC typeStatusObserved changesReferenceNCT03386877Periodontal regeneration using DPSCs_29Periodontal diseases15 (January 2016 to April 2017)DPSCsCompletedNot known\[[@CR136]\]NCT02523651Periodontal regeneration of chronic periodontal disease patients receiving stem cell injection therapyI and II40Periodontal diseases24 (December 2014 to December 2016)1×10^6^ DPSCs immediately after periodontal scaling and root planingUnknownChange from baseline alveolar bone volume--NCT01814436Revitalization of immature permanent teeth with necrotic pulp using SHEDsI80Permanent incisor avulsed by trauma58 (February 2013 to October 2017)SHEDsActivePulp and apical regenerated--NCT02464202Use of CBCT-based tooth replica in tooth autotransplantation to improve the outcome of tooth replacement in children_100Increase success rate of tooth transplantation56 (February 2013 to October 2017)PDLSCsActiveNot known--NCT02731586Effect on allogenic MSCs on osseointegration of dental implantsEarly phase I10Edentulous alveolar ridge27 (January 2016 to March 2018)Dental pulp-derived allogenic MSCsActiveNot known--NCT02449005Autologous ABMSCs for the reconstruction of infrabony periodontal defects (PerioRegen)I and II30Chronic periodontitis45 (January 2014 to September 2017)ABMSCsActiveGain in clinical attachment level--NCT03137979GMSC treatment of chronic periodontitisI and II30Periodontitis36 (January 2017 to December 2019)GMSCs, collagen scaffolds, and open flap debridementActiveAn increase in the height of alveolar bone in mm--NCT01357785Periodontal tissue regeneration using autologous PDLSCsI35Periodontal pocket32 (April 2011 to December 2014)Autologous PDLSCsUnknownIncrease in alveolar bone height and gain in clinical attachment level\[[@CR137]\]NCT01082822PDLSC implantation in the treatment of periodontitisI and II80Chronic periodontitis24 (January 2010 to January 201)2PDLSC implantation (fabricated cell sheet pellets and cell sheet fragment)UnknownNot known--*ABMSC* alveolar bone-derived mesenchymal stem cell, *CBCT* cone beam computed tomography, *DPSC* dental pulp stem cell, *GMSC* gingiva mesenchymal stem cell, *MSC* mesenchymal stem cell, *PDLSC* periodontal ligament stem cell, *SHED* stem cell from human exfoliated deciduous teeth; *n* = no of participants

The mechanism by which DSC transplants evoke CNS remodeling remains unknown. Nevertheless, the transplanted DSCs are assumed to differentiate and integrate into the damaged CNS \[[@CR8]\] to provide protection at the cellular and molecular levels. However, recent evidence strongly suggests that a range of other neurorestorative factors, such as angiogenesis \[[@CR31]\], synaptogenesis \[[@CR32]\], immunomodulation \[[@CR33]\], and apoptosis inhibition \[[@CR34]\] (Fig. [3](#Fig3){ref-type="fig"}), along with neural replacement, contributes toward recovery.Fig. 3The mechanistic processes involved in dental-derived stem cell-induced neurorestoration in neurodegenerative disorders. Transplanted human dental-derived stem cells (hDSCs) activate an array of restorative events possibly through cell replacement, parenchymal secretion of growth and trophic factors, angiogenesis, immunomodulation, and by inhibiting apoptosis. The remodeling can be achieved most likely through bystander effects, except for the direct integration of the cells

In the present review, we focus on the therapeutic efficacy of the exogenous DSCs transplanted for treating neurodegenerative disorders in various models (Table [2](#Tab2){ref-type="table"}). We also emphasize the probable mechanisms by which DSCs facilitate endogenous repair and plasticity in the CNS. Considering DPSCs and SHEDs, the two subtypes extensively studied and employed to study the neurological restorative measures of cell integration, angiogenesis, synaptogenesis, immunomodulation, and the apoptosis inhibition mechanism, we argue the advantages of using DSCs to treat various neurodegenerative disorders.Table 2Summary of dental-derived stem cell (DSC)-mediated neuroprotectionNeurodegenerative diseaseModel typeCell typeMechanism of actionModelReferenceAlzheimer's DiseasesIn vitroDPSCPromoted regeneration of neuron cells by inducing cell proliferation, reducing apoptotic cell death, prolongation of dendrites, and by inhibiting phosphorylation of tau proteinOkadaic acid induced Alzheimer's disease in SH-SY5Y cells\[[@CR41]\]DPSCs cocultured with primary hippocampal and ventral mesencephalic showed high protection against β-amyloid protein by secreting neurological factors such as NGF, GDNF, BDNF, and BMP2β-amyloid peptide (1--42)-treated primary culture of hippocampal neuron and mesencephalic cells\[[@CR42]\]In vivoSHEDSerum-free conditioned medium derived from SHEDs improved overall cognitive function by axonal elongation, neurotransmission, suppression of inflammation, and by induction of anti-inflammatory M2-like microgliaAβ1--40 peptide infused in imprinting control region (ICR) mice\[[@CR39]\]Parkinson's diseaseIn vitroSHEDSHED-derived exosomes prevented apoptosis by suppressing caspase activity by approximately 80%6-OHDA-induced apoptosis in ReNcell VM human neural stem cell-derived dopaminergic neurons\[[@CR34]\]Conditioned medium from SHED and, SHED derived dopaminergic neuron protected primary neurons against 6-OHDA toxicity and accelerated neurite outgrowth by paracrine mechanismsDopaminergic neuron\[[@CR45]\]DPSCDPSC protected mouse dopaminergic neurons by the release of neurotrophins such as BDNF and NGFMPP^+^- or rotenone-treated mesencephalic cells\[[@CR43]\]Human dental pulp cells attenuated 6-OHDA toxicity through expressing neuronal phenotype and releasing NGF, GDNF, BDNF, and BMP26-OHDA-treated primary culture of hippocampal neuron and mesencephalic cells\[[@CR44]\]DPSCs through their immunomodulatory properties attenuated the proliferation and production of ROS and NO1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated coculture system of neuron and microglia\[[@CR28], [@CR138]\]In vivoSHEDDopaminergic neurons derived from SHED expressed BDNF, GDNF, NT3, and HGF when transplanted in Parkinsonian rats and improved the dopamine level6-OHDA-induced Parkinsonian rat\[[@CR45]\]SHED treatment prevented 6-OHDA-induced neuronal damage in rats contributing to the improvement of behavioral outcome. Cells showed neuronal and glial expression; moreover, SHED-derived differentiated spheres had a better outcome suggesting predifferentiation could be a key step for Parkinson's Disease transplantation therapy6-OHDA-induced Parkinsonian rat\[[@CR44]\]Spinal cord injury (SCI)In vitroDPSCDPSC-laden microcapsules transplanted into an organotypic SCI model; the cells survived for 10 days and demonstrated commitment to a neural lineageOrganotypic SCI model\[[@CR139]\]In vivoSHEDSHED transplantation in traumatic SCI rats reduced the cystic cavity area and glial scar and increased the neurofilament along with lower expression of TNF-αTraumatic SCI in Wistar rats\[[@CR47]\]SHED transplantation in SCI reduced early neuronal apoptosis, which contributed to tissue and motor neuron preservation and hindlimb functional recoveryLaminectomy followed by SCI in Wistar rats\[[@CR116]\]Conditioned serum-free medium from SHEDs into rat injured spinal cord during the acute postinjury period caused remarkable functional recovery which was attributed to the immunoregulatory activity that induced anti-inflammatory M2-like macrophagesLaminectomy followed by SCI in Sprague-Dawley rats\[[@CR117]\]SHEDs promote functional recovery when either SHED or SHED-induced neural cells were transplanted. The transplanted cells expressed neuronal and glial differentiation along with an increase in myelin basic protein and chondroitin sulfate proteoglycan NG2 and lower expression of GFAPLaminectomy followed by SCI in Wistar rats\[[@CR48]\]DPSCDPSC engraftment enhanced the number of surviving motor neurons in a hemisected spinal cord through secreting various neurotrophic factors, e.g., NGF, BDNF, and GDNFLaminectomy followed by SCI in Sprague-Dawley rats\[[@CR84]\]DPSC inhibited the SCI-induced apoptosis of neurons, astrocytes, and oligodendrocytes, which improved the preservation of neuronal filaments and myelin sheaths. Paracrine mechanisms along with cell integration were the factors found in achieving recoveryLaminectomy followed by SCI in Sprague-Dawley rats\[[@CR20]\]DPSCs transplanted together with chitosan scaffolds resulted in the marked recovery of hindlimb locomotor functions. The levels of BDNF, GDNF, basic NGF, and NT3 were found to be significantly higher in the DPSC/chitosan-scaffold groupLaminectomy followed by SCI in Sprague-Dawley rats\[[@CR37]\]Significant improvement of limb function was observed when DPSCs were transplanted in dogs with chronic spinal cord injuriesHemilaminectomy in dogs\[[@CR140]\]DPSCs demonstrated potential in repairing the completely transected spinal cord and promoting functional recovery after injury by inhibiting the expression of IL-1β, the expression of RhoA to promote neurite regeneration, and SUR1 expression to reduce progressive hemorrhagic necrosis, and by differentiating into mature neurons and oligodendrocytesLaminectomy followed by SCI in Sprague-Dawley rats\[[@CR141]\]StrokeIn vitroDPSCHuman DPSCs showed superior neuroprotective, migratory, and in-vitro angiogenic effects versus human BMMSCs in a comparative study between the two cell types by blocking reactive gliosis, ROS production, and inflammatory mediators, e.g., IL-1 βOxygen--glucose deprivation (OGD)-injured human astrocytes\[[@CR36], [@CR65]\]In vivoSHEDTransplantation of SHEDs or the conditioned medium significantly improved the neurological outcome by inhibiting the expression of proinflammatory cytokines, e.g., TNF- α and IL-1 β, and apoptosis, and by enhancing the expression of anti-inflammatory cytokines, e.g,. IL-4, IL-6, IL-10, IL-13, and by reducing tissue lossHypoxia--ischemia brain injury was induced in postnatal day-5 mice\[[@CR55]\]SHED-derived conditioned medium enhanced neurogenesis, migration and differentiation of endogenous NPCs, induced vasculogenesis, and ameliorated ischemic brain injury after permanent MCAOPermanent MCAO in Sprague-Dawley rats\[[@CR19]\]DPSCTransplanted human DPSCs compared with human BM-MSCs in a rat stroke model had greater reduction in infarct volume. Administration of DPSCs to rats with stroke significantly decreased reactive gliosis compared with BM-MSCsMCAO in Sprague-Dawley rats\[[@CR36]\]Dental pulp-derived side population stem/progenitor cells enhance recovery of transient focal cerebral ischemia in rats by promoting migration and differentiation of the endogenous neuronal progenitor cells and induced vasculogenesisTransient MCAO in Sprague-Dawley rats\[[@CR53]\]Intracerebral transplantation of human DPSCs following focal cerebral ischemia in rats resulted in significant improvement in forelimb sensorimotor function at 4 weeks post-treatment through cell replacement and the paracrine effectTransient MCAO in Sprague-Dawley rats\[[@CR21]\]*6-OHDA* 6-hydroxydopamine, *BDNF* brain-derived neurotrophic factor, *BMMSC* bone marrow-derived mesenchymal stem cell, *BMP2* bone morphogenetic protein 2, *DPSC* dental pulp stem cell, *GDNF* glial cell-derived neurotrophic factor, *GFAP* glial fibrillary acidic protein, *HGF* hepatocyte growth factor, *IL* interleukin, *MCAO* middle cerebral artery occlusion, *MPP* 1-methyl-4-phenylpyridinium, *NG2* neural/glial antigen 2, *NGF* nerve growth factor, *NO* nitric oxide, *NPC* neural progenitor cell, *NT3* neurotrophin-3, *RhoA* Ras homolog gene family member A, *ROS* reactive oxygen species, *SHED* stem cell from human exfoliated deciduous teeth, *SUR1* sulfonylurea receptor 1, *TNF* tumor necrosis factor

DSCs as a therapeutic choice in neurodegenerative disorders {#Sec2}
===========================================================

Neurodegenerative disorders are heterogeneous and involve inter-related pathophysiological metabolic cascades, unlike an ideal clinical condition. However, for functional recovery, stem cell therapy for neurodegenerative disorders requires a cellular approach that has the potential to induce all neurorestorative processes. Various stem cell types are available for neurodegenerative therapy, including DSCs. The advantages of DSCs include that they are postnatal stem cell populations with MSC-like characteristics, including the capacity for self-renewal and multilineage differentiation, and this makes them a promising cell therapy candidate in neurodegenerative disorders; noninvasive isolation, ease of harvest, easy accessibility, and strong therapeutic ability are the key advantages of DSCs. They have no associated ethical concerns, which is a drawback often associated with other cell types such as induced pluripotent stem cells \[[@CR35]\], though, they have high immunosuppressive activity \[[@CR36], [@CR37]\]. In the presence of specific stimuli, both DPSCs and SHEDs can differentiate into several brain cell types, including neurons and glia, thus indicating their neurogenic potential. Both DPSCs and SHEDs are derived from the neural crest, and thus have an origin different from bone marrow-derived MSCs (BMMSCs), which are derived from the mesoderm \[[@CR38], [@CR39]\]. Notably, DPSCs have clonogenicity and higher ex-vivo proliferative capacity \[[@CR40], [@CR41]\] compared with MSCs; they are less prone to malignancy \[[@CR42]\], and thus can generate sufficient numbers of cells for cell therapy. DSCs have exhibited increased neurogenesis \[[@CR40], [@CR43]\], and these cells can influence endogenous stem cell recruitment and neurosphere generation \[[@CR44], [@CR45]\]. SHEDs are more developed and metabolically active than BMMSCs \[[@CR46]\]. Compared with umbilical cord stem cells, DPSCs demonstrated delayed cellular senescence \[[@CR47]\] which can be correlated to the increased expression of genes related to growth factors \[[@CR48]\]. The beneficial effects of DPSCs and SHEDs on angiogenesis, neurotrophic secretion, and immunomodulation are well defined. Notably, these cells demonstrated targeted migration toward the lesion site \[[@CR21], [@CR49]\] which is also the therapeutic target. Furthermore, with improved dental hygiene, autologous transplantation of these cells is easy.

DSCs and neurodegenerative disorders {#Sec3}
====================================

The following sections discuss the potential use of DSCs in the treatment of neurodegenerative disorders. Brain and spinal cord disorders are characterized by neurodegeneration (the potential loss of neuronal architect and function) which cannot be adequately repaired by the host. In this context, DSCs have become a focus as a novel alternative to salvaging or reconstituting the lost architecture or to stimulating host repair \[[@CR21], [@CR50]--[@CR52]\]. Because of their neural crest origin, the potential ability of DSCs to directly perform neuronal replacement has been recently explored; these cells could differentiate and integrate into the cells of the neuronal lineage in the CNS \[[@CR22], [@CR53]\]. However, the ability of DSCs to provide benefits by differentiating and integrating into the system has recently been challenged because, although DSCs integrate into the diseased brain or spinal cord, the number of transplanted DSCs is much lower than that required for the affected area. Thus, several other mechanisms, apart from cell integration, must be involved in the process of neurorestoration provided by these cells.

Alzheimer's disease {#Sec4}
-------------------

Alzheimer's disease is an incurable, progressive, multifarious neurodegenerative disease. Thus far, no effective treatment to prevent, arrest, or reverse this disease has been reported. However, advances in understanding the etiology of the disease and routine research on new therapeutic measures have provided hope for improved Alzheimer's disease management. Recent findings indicate the use of stem cells, including DSCs, to cure Alzheimer's disease symptoms \[[@CR54], [@CR55]\]. In 2017, Wang et al. reported regeneration of damaged neurons cocultured with DPSCs \[[@CR56]\]. This observation further revealed enhanced viability and impedance of apoptosis in neuroblastoma cells. Similarly, when cocultured with primary hippocampal and ventral mesencephalic neurons, DPSCs showed exceptional protection against the β-amyloid protein, indicating a neuroprotective activity in Alzheimer's disease \[[@CR57]\]. The DPSCs expressed the neuronal phenotype and produced neurotrophic factors to rescue primary neurons. Similarly, in another study \[[@CR54]\], when SHEDs were transplanted in a mouse model of Alzheimer's disease, it engendered substantial cognitive function improvement attributable to multiple factors, such as neuroprotection, axonal elongation, neurotransmission, reduced inflammation, and microglial regulation.

Parkinson's disease {#Sec5}
-------------------

Parkinson's disease, a neurodegenerative disease, is characterized by the progressive death of substantia nigra dopaminergic neurons, resulting in a regional loss of striatal dopamine. Accumulating evidence indicates that the DSCs provide therapeutic possibilities in Parkinson's disease. In 2011, Nesti et al. studied the neuroprotective effects of DPSC against 1-methyl-4-phenylpyridinium (MPP^+^) and rotenone using an indirect coculture system with mesencephalic cell cultures \[[@CR58]\]. They found that the coculture significantly attenuated MPP^+^- or rotenone-induced toxicity in the dopaminergic neuron. Moreover, the conditioned medium derived from these cells protected primary neurons from 6-hydroxydopamine (6-OHDA)-induced toxicity and enhanced neurite outgrowth \[[@CR34]\]. Similarly, through this attenuation of 6-OHDA-induced toxicity and improved cell viability, DPSCs protected the primary neurons \[[@CR57]\]. The neuroprotective potential of exosomes derived from SHEDs on human dopaminergic neurons revealed that the exosomes suppress 6-OHDA-induced apoptosis in dopaminergic neurons \[[@CR34]\]. In-vivo results corroborated the in-vitro results. In a rat model of Parkinson's disease, the transplantation of dopaminergic neuron-like cells from SHEDs reduced the 6-OHDA-induced neurodegeneration \[[@CR59]\]. Similarly, Parkinsonian rats achieved neurological performance after SHED sphere transplantation; the sphere engraftment improved the apomorphine-evoked rotation of behavioral disorders in rats \[[@CR60]\].

Spinal cord injury {#Sec6}
------------------

SCI is a debilitating neurological disorder posing severe clinical and socioeconomic burden. SCI, coupled with a range of complex and long-term sequelae, considerably reduces the quality of life of the affected individual. In this context, DSC-based transplantation strategies hold great potential. Dental pulp cells grafted in rat hemisected spinal cord could promote motor neuron survival \[[@CR20]\]. DPSC transplantation in a completely transected spinal cord considerably improved hindlimb locomotor functions, accompanied by improved preservation of neural elements \[[@CR61]\]. Moreover, the transplantation of human DPSCs along with chitosan scaffolds into an SCI rat model showed substantial spontaneous functional recovery of the hindlimb \[[@CR52]\]. Similarly, SHED transplantation in SCI rodents resulted in considerable improvement in the behavioral outcome; this improvement was attributable to a reduction of the cystic cavity and glial scar and to the enhancement of neurofilament density near the lesion site \[[@CR62]\]. Furthermore, in 2012 Taghipour et al. indicated that the transplantation of undifferentiated and differentiated SHEDs promoted functional recovery in a rat spinal cord contusion injury model by differentiating into the cells of the neuronal lineage \[[@CR63]\].

Stroke {#Sec7}
------

Stroke triggers a cascade of events leading to the loss of a large variety of neural cells and secondary neurodegeneration, in many cases leading to permanent disability. Thus, the primary challenge in stroke therapeutics is to improve functional recovery at the organismal, cellular, and molecular levels. Many recent studies have applied cell therapy in stroke recovery models. Our group has developed several such therapies with limited success in aged animal models of stroke \[[@CR64]--[@CR67]\].

Stem cell-based therapies for stroke use different cell sources. Therapeutic translational studies using DPSCs for stroke treatment in a cerebral ischemic rodent model have provided promising results. Transplantation of a porcine CD31^−^/CD146^−^ side population (SP) of dental pulp cells accelerated neovascularization of the ischemic zone and enhanced neuronal regeneration \[[@CR68]\]. Furthermore, the intracerebral transplantation of human DPSCs after focal cerebral ischemia in a rodent model considerably improved forelimb sensory motor function \[[@CR69]\]. Identical outcomes were observed after DPSC delivery in permanent middle cerebral artery occlusion (MCAO) rats, where the grafted cells shrunk the peri-infarct lesion and enhanced functional recovery \[[@CR21]\]. Similarly, SHED engraftment into a hypoxic--ischemic injured brain resulted in remarkable neurological and pathophysiological improvement \[[@CR70]\]. Intranasal administration of conditioned media derived from SHEDs (SHED-CM) in a MCAO model promoted vasculogenesis and endogenous neural progenitor cell (NPC) migration, as well as differentiation and amelioration of ischemic brain injury \[[@CR19]\].

PNS diseases {#Sec8}
------------

The neural crest origin of DSCs makes them a perfect candidate for cell therapy of PNS disorders. Recent findings indicate that DPSCs ameliorate diabetic polyneuropathy by increasing impaired sciatic nerve blood flow, sciatic motor-sensory nerve conduction velocity, and capillary number-to-muscle and intra-epidermal nerve fiber density ratio \[[@CR71]\]. When isolated from patients with neurofibromatosis type 1, DPSCs have a proliferation rate higher than that of normal cells; thus, DPSCs represent a suitable model for neurofibromatosis type 1 \[[@CR72]\]. Moreover, DPSC-derived oligoprogenitor cells showed high therapeutic potential in an animal model of sciatic nerve injury \[[@CR73]\], indicating its potential as a therapeutic for amelioration of myelin injuries in the PNS \[[@CR74]\]. When SHED-CM was investigated for peripheral nerve regeneration, SHED-CM-treated Schwann cells exhibited a significantly increased number of neuronal and angiogenesis related genes.

In addition, SHED-CM stimulated neuritogenesis of dorsal root ganglia and increased cell viability \[[@CR75]\]. Furthermore, poly(ε-caprolactone)/gelatin nanofibrous nerve guide seeded with DSCs for peripheral nerve regeneration were transplanted at the site of nerve injury and resulted in nerve survival and axonal regeneration in rat sciatic nerves \[[@CR76]\]. More recently, we assessed the potential of three-dimensional printing in improving long-distance nerve guide regeneration strategies \[[@CR77]\].

Potential biomechanism underlying DSC-mediated functional recovery {#Sec9}
==================================================================

With the failure of neuroprotective strategies in salvaging or replacing injured CNS tissues, the focus on neurorestorative therapies has increased \[[@CR78]\]. Neurorestorative treatments encompass the delivery of exogenous stem cells or recruitment of endogenous cells \[[@CR79]\]. In general, when exogenous stem cells are used, the transplanted cells may engraft, differentiate, and finally integrate into the damaged CNS, thus replacing the lost neural cells \[[@CR8]\]. In addition to cell replacement, numerous studies have investigated the mechanisms that contribute to the recovery; these are summarized below.

Cell replacement {#Sec10}
----------------

Understanding how DSC-based therapy may improve function in neurological disorders requires further research, although replacement has always been proposed as a primary salvage mechanism. In the above context, and because of their pluripotent nature, DSCs are widely accepted as a choice for transplantation since they differentiate and integrate into the recipient tissue post-transplantation \[[@CR22], [@CR51], [@CR80]\]. Substantial evidence indicates that, after transplantation, DSCs differentiate into several neuronal cell types such as GABAergic, glutamatergic \[[@CR81]\], dopaminergic \[[@CR60]\], neuronal, glial \[[@CR82]\], and Schwann \[[@CR83]\] cells. Notably, the engrafted cells exhibit tetradoxin-sensitive voltage-dependent sodium currents and tetraethyl ammonium-sensitive delayed rectifier potassium currents \[[@CR84], [@CR85]\], suggesting the retention of electrophysiological characteristics by these cells. When transplanted, the DPSCs express the early neuronal marker N-tubulin, the neuronal-specific intermediate filament protein NF-M, the postmitotic neuronal marker NeuN, and glial fibrillary acidic protein (GFAP), indicating a population similar to neuronal satellite cells \[[@CR86]\]. Similarly, quantitative analysis of undifferentiated and differentiated SHEDs after 5 weeks of transplantation shows expression of microtubule-associated protein 2 (MAP2), neural cell adhesion molecule (NCAM), and nestin; also seen are a few Ki67-positive cells, the myelin basic protein marker S100, neural/glial antigen 2 (NG2), and the astrocyte marker GFAP. A significant functional recovery was achieved which corroborated well with the SHED integration \[[@CR63]\], thus indicating that these cells can be a suitable candidate for neurodegenerative disease recovery. Likewise, when transplanted into a completely transected spinal cord, approximately 90% of the engrafted SHEDs differentiated into mature oligodendrocytes, expressing antigen-presenting cells and the myelin basic protein \[[@CR20]\], again suggesting the beneficial effect of autonomous cell activities.

Cell replacement can also be achieved by inducing endogenous stem cells to migrate to the diseased or injured area. When transplanted into mice hippocampus, DPSCs influence the recruitment of endogenous neural stem cells \[[@CR44]\]. The long-term transplantation effect indicates that newly produced neurons undergo proliferation to form NPCs and neurons at the graft site. SHED-CM could promote the migration of NPCs as per the quantification of doublecortin (DCX)-positive neurons. In addition to replacing lost neurons through promoting migration, SHED-CM can also promote differentiation of endogenous NPCs in the ischemic brain \[[@CR19]\]. A few studies reported the ability of the exogenous DSCs to stimulate endogenous neurogenesis \[[@CR19], [@CR44], [@CR87]\], reinforcing the possibility of exploiting the process of adult neurogenesis, and enhancing the neurogenic capacity of DSC.

Paracrine effect {#Sec11}
----------------

A recent paradigm shift has suggested that the beneficial effects of stem cells \[[@CR84]\], including DSCs, are at least in part due to their paracrine actions. A stem cell-mediated paracrine (or bystander) effect is a method of communication in which trophic factors secreted by the implanted cells modulate the molecular composition of the environment and evoke responses from resident cells. The trophic factors released by the stem cells are responsible for the development, maintenance, repair, and survival of the neuronal population \[[@CR88]--[@CR92]\].

In animal experiments, DSCs provide cytoprotection through secretion of neurotropic peptides, which contribute to neural repair and regeneration \[[@CR26], [@CR91], [@CR93]--[@CR96]\]. The tissue concentrations of vascular endothelial growth factor (VEGF), nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), glial cell-derived neurotrophic factor (GDNF), ciliary neurotrophic factor, and neurotrophin-3 (NT3) were significantly increased after DSC transplantation in various neurological disorders \[[@CR20], [@CR26], [@CR60], [@CR97]\], indicating that DCS-mediated improvement is at least partly contributed to via neurotrophin secretion. Nosrat et al. showed that, when DPSCs interacted in vivo with the developing host nervous system, neuroplastic changes were observed which were attributed to the chemicals secreted by the DPSCs. The authors illustrated that this chemoattraction of avian trigeminal ganglion axons toward implanted DPSCs was mediated by stromal cell-derived factor-1 (SDF1) and its receptor, C-X-C chemokine receptor type 4 (CXCR4) \[[@CR98]\]. DPSCs when cocultured with trigeminal neurons promoted the survival of trigeminal neurons and elaborated neurite outgrowth by secreting growth factors such as NGF, BDNF, and GDNF. Furthermore, when transplanted, cells ectopically innervated into the anterior chamber of the eye of rats, indicating that DSCs produced neurotrophic factors during development \[[@CR98]\]. When DPSCs or SHEDs were grafted in a SCI rodent model, high expression of neurotrophic soluble factors was observed \[[@CR20]\] which increased the number of surviving motor neurons \[[@CR98]\], signifying a functional bioactivity of the DSC-derived neurotrophic factors in vivo. Furthermore, SHED transplantation caused considerable neurological and pathophysiological recovery in neonatal mice; however, after 8 weeks of transplantation, no new neurons, oligodendrocytes, or astrocytes were obtained, indicating that the improvement achieved was through non-neural replacement mechanisms \[[@CR70]\]. Taken together, the aforementioned results suggest that both DPSCs and SHEDs are a promising cell therapy source to understand neurotrophic factor-mediated neurorestoration.

Vasculogenesis {#Sec12}
--------------

Despite having limited self-repair abilities \[[@CR78]\], the CNS can achieve some degree of spontaneous recovery. A promising field of investigation has focused on triggering and stimulating the CNS self-repair system to regenerate new neurons \[[@CR79]\] or establish an effective vascular network \[[@CR99]\]. The formation of new vessels is a complex process involving various growth factors, chemokines, and mural cells (i.e., the cells involved in normal vasculature formation), all of which play different roles in promoting and refining this process \[[@CR99]\]. DSCs are considered to establish therapeutic angiogenesis either through differentiation into vascular cells (e.g., endothelial cells) or through paracrine angiogenic growth factor secretion \[[@CR20], [@CR100]\].

The dental pulp tissue is a highly innervated and vascularized tissue; in other words, it contains blood vessels and neuron precursor cells. Thus, DPSCs can differentiate into vascular and neuronal cells \[[@CR101]\]. DPSCs release angiogenic factors and cytokines, such as VEGF, SDF, monocyte chemotactic protein 1 (MCP1; chemokine C-C motif ligand 2), and platelet-derived growth factor (PDGF)BB \[[@CR102]\]. The trophic factors expressed by stem cells are critical for vascular network remodeling; for instance, VEGF may be crucial in DSC-mediated vascular repair \[[@CR20], [@CR53], [@CR103]\] because it may facilitate DSCs to bypass the blood--brain barrier (BBB) \[[@CR104]\]. DPSCs mediate localized discontinuities in the BBB by upregulating VEGFα expression, enabling their passage into the brain parenchyma. Similarly, the transplantation of a dental pulp side population (SP) is essential when the transplanted blood flow to the infarcted brain increases through enhanced expression of VEGF \[[@CR105]\]. Furthermore, SHED-CM induces vasculogenesis in ischemic brain injury after permanent MCAO, as revealed by high staining of endothelial cell antigen in the peri-infarct area \[[@CR20]\], thus indicating the association of growth factors with vascularization. Moreover, SHED-CM-treated Schwann cells exhibited significantly increased proliferation, migration, and expression of neurons, the extracellular matrix, and angiogenesis-related genes in a rat sciatic nerve injury model. The concentration of VEGF was found elevated in SHED-CM \[[@CR75]\].

Notably, in 2015, Shen et al. \[[@CR100]\] showed that DPSC-conditioned media can induce migration and tube formation in vascular smooth muscle cells and human umbilical vein endothelial cells, suggesting that DPSCs can produce vessel-like structures. Thus, it is reasonable to hypothesize that both DPSCs and SHEDs have vasculogenic differentiation potential, and can enhance angiogenesis through various modes of action.

Synaptogenesis {#Sec13}
--------------

Studies demonstrating the synaptogenic potential of DSCs, either in vitro or in vivo, are rare; the first study reporting neuroplastic changes in DPSCs was obtained using an avian embryonic model system where engrafted DPSCs secreted neurotrophic factors which coordinated axon guidance within the recipient host nervous system \[[@CR91]\]. The secreted neurotrophic factors were responsible for maintaining the integrity and plasticity of neuronal circuits through a process involving competition between the synapses of different axons \[[@CR106]\]. Similarly, enhanced neuroplasticity was observed when human DPSCs were transplanted in ischemic \[[@CR107]\] and hypoxic--ischemic \[[@CR108]\] brains. The insulin growth factor receptor 1/insulin growth factor 1 \[[@CR107], [@CR109]\] and CXCR4/SDF1α \[[@CR107]\] signaling pathways, known to modulate normal dendritic growth and synapse formation, were found to be associated with the observed plasticity, as evident through neurite regeneration \[[@CR107], [@CR110]\]. Furthermore, both human DPSCs and SHEDs modulate synaptogenesis through the Sonic hedgehog (SHH) signaling pathway \[[@CR111]\], a pathway with a well-documented role in synaptogenesis \[[@CR112]\]. The gene ontology analysis of DPSCs, PDLSC, and ABMSCs suggests that these cells possess a plasticity nature \[[@CR113]\]. Thus, DSCs may induce functional recovery by modulating the synaptogenic mechanism.

Immunomodulation {#Sec14}
----------------

In addition to lost neuron substitution, immunomodulation is a potential neurorestorative tool. The immune system is crucial in cell replacement. If the interaction between the transplant and the immune system is not considered, the implant may be rejected by the body, leading to detrimental clinical consequences. Recently, the immunomodulatory potential of DSCs has been explored. Accumulating evidence indicates that DSCs affect innate and adaptive immune cells through two possible mechanisms: direct cell--cell contact, and the release of various soluble factors. This section focuses on both paths through which immunorestoration can be achieved.

The interaction between DSCs and immune cell types revealed that DSCs provide protection by downregulating T cells \[[@CR103]\] and B cells \[[@CR114], [@CR115]\] and increasing resistance to natural killer (NK) cells \[[@CR114]\]. This interaction may modulate the expression of transduction signaling mechanisms, thus augmenting the inhibition of lymphocyte and NK cell production; for instance, when SHEDs were transplanted into an experimental autoimmune encephalomyelitis model, they inhibited the immune response by suppressing T cells and inducing regulatory T cells (Tregs) \[[@CR33]\]. SHEDs can also induce the immunoregulatory phenotype in monocyte-derived dendritic cells and macrophages \[[@CR33]\]. The aforementioned immunomodulator activities indicate that SHEDs could be suitable for suppressing graft-versus-host reactions and treating neuronal autoimmune disorders of the CNS.

DSCs modulate immunological responses by secreting a complex set of trophic factors that significantly contribute to injury repair \[[@CR66], [@CR92], [@CR116], [@CR117]\]. DPSCs inhibit stimulated T-cell proliferation, most likely through transforming growth factor (TGF)-β1 and interleukin (IL)-10 signaling \[[@CR118]\]. This study illustrated that, when CD4^+^ T cells were cocultured with DPSCs, the T cells demonstrated a high Treg expression. However, blocking TGF-β1 and IL-10 signaling resulted in a low Treg count, indicating that DPSCs require stimulatory factors to exert their effects. Similarly, SHEDs can nullify the proinflammatory effects by downregulating the expression of proinflammatory cytokines (e.g., IL-1β and tumor necrosis factor (TNF)-α) and upregulating that of anti-inflammatory cytokines (e.g., IL-4 and IL-10) \[[@CR70]\]. Most of these cytokines are involved in reactive astrogliosis, a process that might contribute to protection \[[@CR119]--[@CR123]\]. Furthermore, SHEDs can change the polarity of microglia or macrophages from M1 to M2 to suppress proinflammatory mediators and enhance tissue repair. M2-like microglia or macrophages are cells responsible for promoting tissue repair through various pathways, including anti-inflammatory cytokine secretion \[[@CR124]\], cellular debris phagocytosis \[[@CR125]\], axonal elongation \[[@CR126]\], and proliferation and differentiation of oligodendrocyte progenitor cells \[[@CR127]\]. Thus, it is reasonable to say that DSCs exert immunorestoration through various mechanisms, and their immunosuppressive potential provides a distinctive advantage for the clinical management of neurodegenerative disorders.

Apoptosis {#Sec15}
---------

One of the aims of stem cell therapy is to suppress apoptosis to prevent early secondary cell death. Apoptosis accounts for approximately 90% of neuronal loss in CNS injury models \[[@CR128], [@CR129]\], making it an important avenue for treatment. Both SHEDs \[[@CR130]\] and DPSCs \[[@CR20]\] can reduce cell loss through apoptosis attenuation, thus contributing to tissue and motor neuron preservation. When SHEDs were transplanted in an SCI model, they prevented early apoptosis \[[@CR130]\]. Likewise, SHED-derived exosomes and SHED-CM improved the neurological outcome by inhibiting apoptosis in an in-vitro dopaminergic neuronal model \[[@CR34]\] and in-vivo hypoxic--ischemic model \[[@CR70]\], respectively, as revealed by the positive expression of effector caspases 3 and 7 in both cases \[[@CR34]\]. The ability of DSCs to secrete cytokines, such as VEGF and MCP1, can also contribute to the restorative process, as these cytokines can neutralize the effects of apoptosis \[[@CR102], [@CR131]\]. For example, VEGF is instrumental in preventing serum starvation-induced apoptosis by upregulating B-cell lymphoma 2 (Bcl-2) expression in vascular endothelial cells \[[@CR132]\]. Similarly, DPSCs significantly reduce the cytotoxicity of β-amyloid peptide by stimulating the activity of the endogenous survival factor Bcl-2 and reducing that of the apoptotic regulator Bcl-2-associated X protein (Bax) \[[@CR133]\]. To prevent apoptosis, DPSCs secrete classic apoptosis inhibitor proteins such as Bcl-2 \[[@CR133]\] and downregulate the expression of the apoptotic regulator Bax. The Bcl-2/Bax ratio is critical for the cells to obtain a pathological stimulus \[[@CR134]\]. High Bcl-2 expression prevents caspase inhibitor release, making the neuronal cells less likely to respond to apoptotic signaling \[[@CR135]\]. Taken together, DPSCs and SHEDS may achieve restoration by preventing apoptosis, and DSCs may have therapeutic potential specifically as a stimulator and modulator of the local repair response in the CNS.

Conclusion {#Sec16}
==========

DSCs are being explored as a new cell source for cell therapy in neurodegenerative diseases. Due to their accessibility, plasticity, and ethical suitability they have become an attractive source of ready-to-use autologous transplantation cells in neurological disorders. However, a comprehensive understanding of the healing processes in the CNS tissue triggered by DSC-based therapies has not yet been achieved. Recent advancements in cell therapy technologies have revealed that these cells provide benefits through multiple mechanisms: cell integration, a bystander effect, vasculogenesis, immunomodulation, and by inhibiting apoptosis. Numerous cellular and preclinical studies have indicated the role of each of these mechanisms in achieving neurological recovery. However, many of these effects of DSCs have drawbacks; for example, transdifferentiation seems to occur at too low a frequency to account for the meaningful improvement. Furthermore, the amount of secreted neurotropins does not allow to exert an effect on the nearby vicinity. In addition it is not clear to what extent the above discussed mechanisms contribute to the functional recovery. There needs to be further elucidation of the fundamental biological mechanisms responsible for molecular and functional recovery. To conclude, it is reasonable that DSC-mediated neurorestorative therapy has a promising future with applications in neural tissue regeneration and neurological disorder management.
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